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ABSTRACT
Here we study 16 planetary nebulae (PNe) in the dwarf irregular galaxy NGC 205
by using GMOS@Gemini spectra to derive their physical and chemical parameters.
The chemical patterns and evolutionary tracks for 14 of our PNe suggest that there
are no type I PNe among them. These PNe have an average oxygen abundance of
12+log(O/H)=8.08±0.28, progenitor masses of 2-2.5 M⊙ and thus were born ∼1.0-
1.7 Gyr ago. Our results are in good agreement with previous PN studies in NGC 205.
The present 12+log(O/H) is combined with our previous works and with the literature
to study the PN metallicity trends of the Local Group (LG) dwarf galaxies, in an effort
to establish the PN luminosity- and mass-metallicity relations (LZR and MZR) for
the LG dwarf irregulars (dIrrs) and dwarf spheroidals (dSphs). Previous attempts
to obtain such relations failed to provide correct conclusions because were based on
limited samples (Richer & McCall 1995; Gonc¸alves et al. 2007). As far as we are able
to compare stellar with nebular metallicities, our MZR is in very good agreement with
the slope of the MZR recently obtained for LG dwarf galaxies using spectroscopic
stellar metallicities (Kirby et al. 2013). Actually, we found that both dIrr and dSph
galaxies follow the same MZR, at variance with the differences claimed in the past.
Moreover our MZR is also consistent with the global MZR of star-forming galaxies,
which span a wider stellar mass range (∼ 106- 1011M⊙).
Key words: Galaxies: abundances - evolution - Local Group - Individual (NGC 205);
ISM: Planetary Nebulae
1 INTRODUCTION
Dwarf galaxies are the most numerous system in the Uni-
verse, and most of them are found in galaxy groups. Dwarfs
in the Local Group (LG) are excellent laboratories to study
galaxy evolution. Planetary nebulae (PNe) are among the
brightest resolved stars in LG dwarf galaxies. Their strong
emission line features allow us to study the late evolution-
ary stages of stars with low and intermediate masses (∼1-8
⋆ Based on observations obtained at the Gemini Observatory,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under a cooperative agreement with the NSF
on behalf of the Gemini partnership.
† E-mail: denise@astro.ufrj.br
M⊙). They are also tracers of the star formation history and
chemical enrichment in an age range from ∼1 to 10 Gyr ago.
In a series of previous papers (Magrini et al. 2005, Leisy
et al. 2005, 2006, Gonc¸alves et al. 2007, Magrini & Gonc¸alves
2009, Gonc¸alves et al. 2012) we have investigated the chem-
ical properties of the emission-line populations of LG dwarf
galaxies, observing H ii regions and PNe in star-forming
galaxies such as dwarf irregulars (dIrrs) and only PNe in
quiescent galaxies, such as dwarf spheroidals (dSphs).
1.1 NGC 205 and its PN population
In the present paper we discuss our Gemini Multi-Object
Spectrographs North (GMOS-N) spectroscopic observations
of the PN population in the dwarf galaxy NGC 205, the
c© 2013 RAS
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brightest early-type dwarf satellite of Andromeda (M31).
NGC 205 is of particular importance among the low sur-
face brightness galaxies in the LG because of its interesting
star formation history and several indications of a tidal en-
counter with its massive companion M31. Being located at
a projected distance of 42 kpc from M31, NGC 205 is one
of the closest M31 satellites. The star formation history in
NGC 205 has been studied extensively (e.g,. Bertola et al.
1995; Davidge 2003): an old stellar population (10 Gyr; Bica,
Alloin & Schmidt 1990) dominates the overall stellar content
and a plume of bright blue stars, later identified as star clus-
ters (Cappellari et al. 1999), was found in the central region
(Baade 1944; Hodge 1973). Davidge (2003), studying the
population of asymptotic giant branch (AGB) stars, noted
that the multiple episodes of star formation (SF) may have
occurred in NGC 205’s most central regions, with a time
spacing compatible with its orbital period (Cepa & Beck-
man 1988). Therefore, tidal interactions with M31 could
have triggered the latest episodes of SF. However, recent
observations with HST point towards a constant star for-
mation rate (SFR, Monaco et al. 2009), at least during the
last ∼300 Myr, as if NGC 205 was approaching M31 for the
first time (see also Howley et al. 2008). In addition to young
stars, NGC 205 also contains gas (H i + CO; 1.5×106 M⊙,
e.g. Young & Lo 1997). A new estimate of the total gas con-
tent has been provided by De Looze et al. (2012), enlarging
the estimates from previous measurements, but confirming
the problem of missing interstellar medium mass, i.e., an in-
consistency of the measured gas mass when contrasted with
theoretical predictions of the current expected gas content
in NGC 205 (>107 M⊙). This deficiency was explained with
an efficient supernovae feedback able to expel gas/dust from
the inner, star-forming regions of NGC 205. The popula-
tion of PNe in NGC 205 was first identified by Ford et al.
(1977) and later by Ciardullo et al. (1989). Corradi et al.
(2005) recovered 20 of the previously known candidates and
added another 55 new PNe to the candidate population,
some of them actually belonging to the halo of M31. Richer
& McCall (2008) presented chemical abundances for thir-
teen among the brightest PNe of NGC 205, based on spec-
troscopic data obtained at the Canada-France-Hawaii Tele-
scope. From their chemical composition they argued that the
PN progenitors of the galaxy are typically low mass stars,
with M∼1.5 M⊙ or less. Having such low mass progenitors,
they likely do not dredge up significant quantities of oxygen,
and thus these PNe can be considered good tracers of the
interstellar medium (ISM) from which they were born.
1.2 The mass-metallicity relation
The second aim of the present paper is to establish the
luminosity-metallicity relation (LZR), as well as the mass-
metallicity relation (MZR), for the dSphs and dIrrs of the
Local Group, in a fully homogeneous way. On the shoulders
of the latter lies the key to disentangle possible differences in
star-forming and non star-forming dwarf galaxies, as claimed
long ago by Skillman et al. (1989) and Kormendy & Djor-
govski (1989).
A serious problem for deriving the above relations is
that the metallicities are measured using different diag-
nostics in star-forming and non-star forming galaxies. The
metallicity of the star-forming dIrrs is obtained by measur-
ing the O/H of their H ii regions, whereas dSphs are gas and
dust free –dominated by the old stellar population– so, the
derived value is the [Fe/H]1 from red giants or other bright
stars. Following Mateo (1998), the oxygen abundances can
be converted in iron metallicity, although the assumptions
about the [O/Fe] are very uncertain, since the latter ratio
depends on the star formation history (SFH) of the galaxies
(Gilmore &Wyse 1991). Therefore, only populations present
in both dSphs and dIrrs types of galaxies can be safely ap-
plied for such a study. In this context PNe are the ideal pop-
ulation to measure the metallicity of the dwarf spheroidals
and irregulars, as proposed by Richer & McCall (1995), and
actually successfully applied by these authors, as well as by
Gonc¸alves et al. (2007). Moreover, using the PN population,
both groups found that the dSphs LZR presented a signifi-
cant offset from the dIrrs, with PNe in dSphs having higher
O/H than those of the dIrrs. Gonc¸alves et al. (2007) had
also compared the O/H of H ii regions of a sample of dIrrs,
showing no important difference between these abundances.
Kormendy & Djorgovski (1989) had proposed an evolution-
ary relation among the two morphological types of dwarfs,
with the dSph galaxies being formed through the removal
of the gas in dwarf irregulars, either through ram pressure
stripping, supernova driven winds or star formation. Trying
to shed light on this matter, Gonc¸alves et al. (2007) added
their own measurement for NGC 147 to the data collected
from literature and pointed out that the LZR of dSphs did
not exclude their formation from old dwarf irregular galax-
ies, but it did exclude their formation from the present time
dIrrs, since the differences between their metallicities were
already present in the old PNe populations of both types.
The LZR offset, then, indicates a faster enrichment of dSphs
and the different SFH for these two types of galaxies are also
discussed by Grebel (2005).
By combining photometric and spectroscopic stellar
metallicity estimates for red giant branches, Grebel et al.
(2003) showed the existence of an offset between the LZR of
dSphs and dIrrs. These relations are such that dSphs have
higher mean stellar metallicities for a fixed optical luminos-
ity, as in the case of the above discussed PN LZR. They also
found that the same offset persists when the comparison
is restricted to the galaxies old stellar populations. Grebel
et al. (2003; also see Koleva et al. 2013) highlighted the
transition-type dwarfs –dwarfs with mixed dIrr/dSph mor-
phologies, low stellar masses, low angular momentum, and
H i contents of at most a few 106 M⊙, which closely resem-
ble dSphs if their gas were removed–, and concluded that
these transition objects are likely dSph progenitors. How-
ever, in more recent works based on stellar metallicities (Lee
et al. 2008; Kirby et al. 2013) the above offset raised some
questions, since the latest studies, more consistently, only
use spectroscopic stellar metallicities. The caveat in Grebel
et al. (2003) approach was precisely the fact that the col-
ors of red giants are subject to the age-metallicity degener-
acy (Salaris & Girardi 2005; Lianou et al. 2011). In Lee et
al. (2008) the metallicities of the dIrrs from RGB were re-
analysed, and showed to be 0.5 dex higher than in Grebel et
al. (2003), so vanishing the previously found offset. Kirby et
1 Brackets indicate that the metallicity is given with respect to
the solar metallicity.
c© 2013 RAS, MNRAS 000, 1–12
PNe: NGC 205 and the mass-metallicity relation for LG dwarfs 3
al. (2013) used spectroscopic metallicities of individual stars
in seven gas-rich dwarf irregular galaxies, and found that
dIrrs obey the same mass-metallicity relation as the dSph
satellites of both the Milky Way and M31. Moreover, their
MZR is roughly continuous with the stellar mass metallicity
relation for galaxies as massive as M = 1012 M⊙.
On the controversial trends given by the latest stellar
LZR/MZR (Kirby et al. 2013) as compared to the PNe LZR
(Gonc¸alves et al. 2007) resides our motivation to revisit such
relation from the PN population.
1.3 Outline of the present work
Though in the present paper we present our new spectro-
scopic observations of 22 candidate PNe in NGC 205 –for
which we confirm the PN status of 19–, our work’s major
aims can be summarised as follows.
i) By deriving the chemical composition of dwarf galaxies
from PNe (and H ii regions, whenever possible), so setting
constraints to galaxy formation and evolution, we have the
unique possibility to determine directly the chemical com-
position of the ISM in different epochs than the present one,
such as, for example, at the time of the formation of the PN
progenitors.
ii) Studying the stellar nucleosynthesis of low- and
intermediate-mass stars in different conditions and at dif-
ferent metallicity environments.
iii) Deriving, in a homogeneous way, the metallicity –as
traced, e.g., by the oxygen abundance–, in both dIrrs and
dSphs. This approach allows us to derive the luminosity (and
mass)-metallicity relation for all dwarf galaxies, in a fully
homogeneous way, to disentangle possible differences in this
relation for star-forming and non star-forming galaxies, as
claimed in the past.
The paper is structured as follows. The acquisition
and reduction of the observational data (imaging and spec-
troscopy) is discussed in Section 2. The analysis and inter-
pretation of the spectroscopy for the 19 PNe we observed
are given in Section 3, where electron densities and temper-
atures, as well as ionic and total abundances are presented,
for a sub-sample of these PNe. In this section also appears
a discussion of spectroscopic results in terms of abundances
patterns and the PN progenitors age and masses. This is fol-
lowed, in Section 4, by the determination of the luminosity-
metallicity relationship and the mass-metallicity relation-
ship for the LG dIrrs and dSphs, as given by their PN pop-
ulation (in sub-sections 4.1 and 4,2 respectively). In Section
5 we highlight the principal results of all the previous sec-
tions of the paper.
2 OBSERVATIONS: DATA ACQUISITION AND
REDUCTION
We obtained pre-imaging of NGC 205 with GMOS at
Gemini North telescope in 2010 observing two fields
of 5.5′×5.5′ each. In July 9 we observed Field-1 (cen-
tred at 00:40:12.50/+41:40:03) and September 2-3 Field-2
(00:40:10.50/+41:43:47.0). We used the on- and off-band
imaging technique to identify PNe and other emission-line
E
N
Field−1
Field−2
Figure 1. A 14.2×14.2 arcmin2 POSSII image of NGC 205, re-
trieved from the NASA/IPAC Extragalactic Database. The two
FoV (5.5×5.5 arcmin2) we observed with GMOSGemini are su-
perposed to the POSSII image.
objects with two filters: [O iii], OIII G0318, and [O iii]-
Continuum, OIII G0319, whose central λ and width are
499 nm/5 nm, and 514 nm/10 nm, respectively. We obtained
three exposures of 540(810) s using the on-band(off-band)
filter. We used the two combined narrow-band frames to
build an [O iii] continuum-subtracted image per field, from
which we identified a total of 37 objects to be spectroscop-
ically observed, including previously known PNe and other
emission-line objects. See Table 1 and Figure 1.
The spectroscopic observations were obtained in queue
mode with two gratings, R400+G5305 (‘red’) and B600
(‘blue’) during the nights of 8 and 10 October 2010. The ef-
fective ‘blue’ plus ‘red’ spectral coverage was generally from
3400 A˚ to 9600 A˚, allowing an overlapping spectral range of
about 300 A˚. Exposure times were of 3×2,400 s per grating
per field.
To avoid the possibility of having important emission-
lines falling in the gap between the 3 CCDs, we slightly var-
ied the central wavelength of the disperser from one exposure
to another. So we centred R400+G5305 at 750 ±10 nm and
B600 at 460 ±10 nm.
The slit width was 1′′, while the slit heights varied
from 5′′ to 10′′. Spatial pixels were binned. The final spa-
tial scale and reciprocal dispersions of the spectra were as
follows: 0.′′161 and 0.09 nm per pixel, in ‘blue’; and 0.′′161
and 0.134 nm per pixel, in ‘red’. The seeing varied from
∼0.42′′ to ∼0.60′′. CuAr lamp exposures were obtained with
both gratings, in the day before or after the science expo-
sures, following the usual procedure with Gemini+GMOS
for wavelength calibration.
We performed observations of spectrophotometric stan-
dards (Massey et al. 1988; Massey & Gronwall 1990), with
the same instrumental setups as for science exposures.
BD284211 was observed with the red grating, on October 08,
2010, whereas Hiltner600 was the standard for the B600, ob-
c© 2013 RAS, MNRAS 000, 1–12
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Table 1. GMOS-N field identification, classification and
coordinates of the [O iii] line-emitters selected from the
GMOS-N pre-imaging. F1(F2) stands for Field-1(Field-2).
Our follow-up spectra give support to the object classifi-
cation shown in the table.
Field-ID Class RA Dec C05/RM08
J2000.0 J2000.0
F1-1 star 00:39:57.93 41:40:51.06 -
F1-2 star 00:40:02.16 41:39:35.82 -
F1-3 star 00:40:06.07 41:37:54.33 -
F1-4 star 00:40:05.55 41:37:37.88 -
F1-6 star 00:40:05.17 41:39:27.32 -
F1-7 star 00:40:10.02 41:37:47.24 -
F1-8 PN 00:40:08.77 41:40:43.75 PN19/PN4
F1-9 PN 00:40:13.47 41:38:42.07 PN24/PN5
F1-10 PN 00:40:11.07 41:40:48.00 PN22
F1-11 star 00:40:11.37 41:37:48.58 -
F1-12 star 00:40:19.74 41:40:11.99 -
F1-13 PN 00:40:20.35 41:38:43.80 PN35
F1-14 PN 00:40:17.88 41:38:32.85 PN30/PN7
F1-15 PN 00:40:21.15 41:38:38.76 PN37
F1-16 PN 00:40:20.26 41:38:17.55 PN34/PN9
F1-18 - 00:40:20.88 41:41:42.10 PN36
F1-19 star 00:40:23.34 41:40:23.02 -
F1-20 PN 00:40:21.42 41:42:26.60 PN38/PN1
F1-21 PN 00:40:25.42 41:40:06.81 PN42
F1-22 PN 00:40:26.35 41:40:20.89 -
F2-1 star 00:40:04.35 41:40:33.21 -
F2-2 star 00:39:55.99 41:43:26.19 -
F2-3 PN 00:40:02.65 41:42:13.57 PN16/PN19
F2-4 PN 00:40:03.29 41:43:59.47 PN17/PN24
F2-5 star 00:40:06.38 41:44:55.35 -
F2-6 star 00:40:06.10 41:44:41.30 -
F2-7 PN 00:40:14.94 41:42:02.11 PN26
F2-8 - 00:40:07.97 41:45:23.64 PN18
F2-9 - 00:40:17.60 41:41:53.30 -
F2-10 PN 00:40:12.00 41:45:31.70 PN23
F2-11 PN 00:40:19.17 41:41:47.14 PN32
F2-13 star 00:40:15.72 41:47:06.28 -
F2-14 star 00:40:16.94 41:47:00.13 -
F2-15 PN 00:40:17.38 41:45:58.63 PN28
PN numbers given in column five correspond to the PN ID used
by Corradi et al. (2005, C05) and Ciardullo et al. (1989), adopted
by Richer & McCall (2008; RM08) in their spectroscopic study
of part of Ciardullo’s PN candidates. Sources F1-5, F1-17 and
F2-12 where observed twice, so eliminated from this table and
further analysis. Note that F1-18, F2-8 and F2-9 are actually
symbiotic systems.
served on October 10, 2010. These frames were used to flux
calibrate the spectra.
The observations were carried out at relatively low air-
masses: typical airmass in ‘blue’ varied from 1.08 to 1.20;
and in ‘red’ from 1.27 to 1.71, even though we attempt to
align the slits to the parallactic angle (PA), so avoiding sig-
nificant losses of light, especially in the blue end of the spec-
tra, because of differential atmospheric refraction. Actually,
the pre-imaging was carried out with fields positioned as we
can see from Figure 1. Then the pre-images were rotated to
build the masks for spectroscopy. For the blue exposure, dur-
ing the observing nights the difference between the PA and
the sky position angle at the telescope varied from 0 to 85
degree, always with air-masses above 1.2. From the Atmo-
spheric Differential Refraction page in the GMOS website
http://www.gemini.edu, we derived that at that airmass
there is no light loss for 0.42 < λ < 0.60µm and a negligible
light loss (620%) at λ < 0.42µm for the highest difference
between the PA and the sky-position angle. For the red ex-
posures, the differences between the PA and the sky-position
angle were ∼20 degree for F1 (airmass from 1.3 to 1.7), and
from 25 to 65 degree for F2 (airmass from 1.4 to 1.7). Thus
Figure 2. Comparison of the emission-line fluxes presented in
Table A1 with the photometric fluxes of C05 (top panel) and the
spectroscopic fluxes of RM08 (bottom panel). Lines of different
wavelength and intensities are considered.
for F1, no light loss is expected, while for F2 we might have
up to 40% of light loss for λ > 0.8µm. We double checked the
three different exposures of F2 to see if significant amount
of flux was lost in the red part of the spectra. Fortunately,
the result is that the three exposure have similar number of
counts, though they were taken over air-masses of 1.3, 1.5
and 1.7.
Data were reduced and calibrated in the standard way
by using the Gemini gmos data reduction script and
long-slit tasks, both being part of IRAF2
3 RESULTS: THE SPECTROSCOPY OF PNE
IN NGC 205
First, we use their spectroscopic features to classify the ob-
served objects. As indicated in Table 1, out of the 37 slits we
observed, 12 are stars; 3 are actually symbiotic systems, and
all the others were confirmed as planetary nebulae. Some of
these PNe are present in previous photometric catalogues
(Corradi et al. 2005, hereafter C05) and spectroscopic stud-
ies (Richer & McCall 2008, hereafter RM08). Along the pa-
per, we compare our observations to the results of C05 and
RM08.
A few criteria were applied to distinguish the spectrum
of a PN from possible mimics, as done in other works like
Pen˜a et al. (2007) and Magrini & Gonc¸alves (2009). (i) PNe
were selected among point-like [O iii]-emitting objects. Con-
sidering NGC 205 distance (0.77 Mpc; Howley et el. 2008),
1 arcsec corresponds to about 3.8 pc. Given the full width
at half-maximum of about 0.6 arcsec for point-like objects,
PNe (which have typically diameters smaller than 1 pc) are
expected to be unresolved. (ii) Our PNe show faint or no
continuum emission. The central stars ionising PNe are usu-
ally very hot (e.g. Stasin´ska 1990; Me´ndez, Kudritzki & Her-
2 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities
for Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation.
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rero 1992), much more than those of the H ii regions. Due
to their spectral type, with the energy maximum in the UV,
PN central stars have lower MV than the ionising stars of
H ii regions (typically more than 2 mag fainter). (iii) The
presence of the He ii 468.6nm emission (exceeding a few per-
cent of Hβ) and/or [O iii] 5007/Hβ > 4, define a spectrum
as that of a PN of high-excitation. On the other hand, low-
excitation PNe cannot be distinguished from compact H ii
regions only on the basis of their spectroscopic line ratios.
The emission-line fluxes were measured with the pack-
age SPLOT of IRAF. Errors on the fluxes were calculated
taking into account the statistical errors in the measure-
ment of the fluxes, as well as systematic errors (flux cali-
brations, background determination and sky subtraction).
The observed line fluxes were corrected for the effect of the
interstellar extinction using the extinction law of Mathis
(1990) with R V = 3.1. We used cβ as a measurement of
the extinction, which is defined as the logarithmic difference
between the observed and theoretical Hβ fluxes. Since Hδ
and Hγ are only available in few cases and are affected by
larger uncertainties, cβ was determined comparing the ob-
served Balmer I(Hα)/I(Hβ) ratio with its theoretical value,
2.85 (Osterbrock & Ferland 2006). Tables A1, in the Ap-
pendix section, gives the results of the emission-line flux
measurements and extinction corrected intensities for all of
PNe quoted as “PN” in the second column of Table 1. The
ID of the photometrically identified PN candidates listed by
C05 as well as those whose spectroscopic analysis were pre-
sented by RM08, are also given. Note that all the PNe stud-
ied in these two papers, located within the FoV of Figure 1,
were recovered by the GMOS imaging, though, because of
the limited number of slits we can observe simultaneously,
we took spectra of only 7 of the RM08 PNe. F1-18, F2-8 and
F2-9 will not be further discussed here, but separately in a
forthcoming paper, since, their spectrum show that they are
actually symbiotic systems, instead of PNe. In the optical
(Belczyn´ski et al. 2000), the spectra of symbiotics are in-
deed notable due to the absorption features and continuum
of late-type M giants, the strong nebular emission lines of
Balmer H i, He ii and the forbidden lines of low- and high-
ionization, like [O ii], [Ne iii], etc, or those of ions with
an ionization potential of at least 35 eV (e.g. [O iii]). An-
other conspicuous discriminator of symbiotic systems is the
presence of the Raman scattered line at λ6830A˚, a unique
signature seen only in symbiotic stars (Schmid 1989, Bel-
czyn´ski et al. 2000).
In Figure 2 we contrast the observed emission-line fluxes
presented in Table A1 with those given either from the spec-
troscopic data of RM08 or the photometric one of C05, for
the objects in common. Note that we find a reasonable agree-
ment for all the fluxes, no matter if photometric or spectro-
scopic, for a number of lines in a range of intensities and
optical wavelengths.
In Table 2 we show our spectroscopic results, in terms
of electron densities and temperatures, as well as ionic and
total abundances of He, O, N, Ne, Ar and S, for all the PNe
for which these information could be extracted, i.e., a total
of 14 PNe.
As said before, there are 7 PNe of our sample that were
already studied by RM08 (namely, in their work, as: PN1, 4,
5, 7, 9, 19 and 24). From these PNe we derived cβ , physical
and chemical parameters for 6. We present in Table 3 a
compilation of RM08 results, in order to make easier the
comparison of ours and their figures.
Considering the cβ we give in Table A1, we get a mean
value of 0.38±0.09 (not taking into account the null cases).
This mean is slightly lower than that obtained from RM08
data (0.61; the average of the cβ(0.4 Rβ E(B-V), Rβ=3.041
was adopted in their paper). In Table 3 only 4 objects had
the cβ determined using the same Balmer ratio as in our
analysis. And, with the exception of PN9, the three other
cβ values agree well. So, our cβ reasonably resembles theirs,
though with a trend of being slightly lower. All in all, the
PNe of NGC 205 have quite low extinction corrections,
sometimes even as low as null, and never higher than 0.94
(PN9, RM08).
From Table 3 we promptly note that RM08 actually did
not derive the electron densities for their PNe, instead they
adopted a fixed values of 2,000 cm−3 to all of them. We, on
the other hand, actually measured the ratio 6717A˚/6737A˚
thus, we were able to derive the Ne[S ii] for most of the PNe
(see Table 2). We emphasise that here, for the first time,
the electron density of the PNe of NGC 205 are obtained,
though not for all PNe. As a matter of fact, with only one
exception, none of these PNe has a Ne as low as the as-
sumed value above, their mean value, with variance, being
5,300±860 cm−3.
If electron temperatures are concerned, from our
optical data it was possible to extract the Te based
on the [O iii][(4959A˚+5007A˚)/4363A˚] and on the [N
ii][(6548A˚+6583A˚)/5755A˚] line ratios (for a number cases)
and on one of these ratios ([O iii]) for the rest of the sam-
ple. As it can be seen in Table 2, there is a good agreement
between the two estimations of Te, if errors, instead of only
the face values, are considered. Moreover, Te[N ii]/Te[O iii]
varying from 0.7 to 1.1 is expected, since they prove material
at different regions of the nebulae and different excitation,
as shown by Kaler (1986) and Krabbe & Copetti (2005). On
average, Te[O iii] of our sample amounts to 13,250±3,150 K
while for Te[N ii] the average value is 12,600±4,200 K. Now,
by taking a look at the comparison in Table 3, what we get
is that Te[O iii] is slightly higher in our analysis than in
RM08, and we do not quite know why. However, if instead
of considering only the PNe we have in common with RM08
we look at their whole sample (their Table 6), the average
of their Te[O iii](variance) is 13,570(±2,350 K) (this aver-
age value is computed avoiding the PNe for which RM08
show upper limits), which is strictly in agreement with the
average value we got from our own data.
Finally we come to the chemical abundances of Ta-
ble 2. The details of the method we use for the derivation
of abundances are exactly the same we applied in our previ-
ous studies, like for instance in Magrini & Gonc¸alves (2009)
and Gonc¸alves et al. (2012). In short, the ionic task of
IRAF3. is combined with the ionisation correction factors
from Kingsburgh & Barlow (1994) for the ionic and total
abundances, respectively. In addition, when available, Te[N
ii] is used for the calculation of the N+, O+, S+ abundances,
while Te[O iii] was used for the abundances of O
+2, S+2,
Ar+2, He+ and He+2. In the remaining objects, where only
3 The atomic data source is the that of analysis/nebular –
IRAF; http://stsdas.stsci.edu/cgi-bin/gethelp.cgi?at data.hlp
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Table 2. Electron temperatures, electron densities, ionic and total abundance of the PNe.
Diagnostic F1-8 F1-9 F1-10 F1-13 F1-14 F1-15 F1-16 F1-20
Te[O iii](K) 18450±400 13800±240 12850±5450 13700±2300 12350±350 10650±950 12550±350 16000±2500
Te[N ii](K) 19000±1500 11100±2100 8400±2150 9850±350 10700±580
Ne [S ii](cm
−3) 6600±50 4350±30 5750±60 7400±200 6300±60 3150±200
He i/H 0.091 0.076 0.084 0.081 0.084 0.099 0.084 0.080
He ii/H 0.015 0.006 - - - - - -
He/H 0.106±8.83e-04 0.082±5.93e-04 0.084±7.59e-03 0.081±2.55e-03 0.084±0.001 0.099±3.67e-3 0.084±1.01e-3 0.080±05.77e-3
O i/H - - - - - - - -
O ii/H 5.026e-06 2.511e-05 8.350e-05 3.119e-06 6.264e-05 1.441e-04 6.588e-05 8.843e-06
O iii/H 7.295e-05 1.577e-04 1.195e-04 8.570e-05 1.600e-04 8.807e-05 1.440e-04 1.802e-05
ICF(O) 1.103 1.053 1.000 1.000 1.000 1.000 1.000 1.000
O/H 8.606e-05 1.925e-04 1.195e-04 8.881e-05 2.226e-04 2.322e-04 2.099e-04 2.686e-05
12+log(O/H) 7.935±0.02 8.284±0.10 8.077±0.74 7.948±0.204 8.348±0.170 8.366±0.105 8.322±0.066 7.429±0.205
N ii/H 1.907e-06 6.388e-06 - 5.887e-07 6.349e-06 1.780e-05 6.225e-06 2.276e-06
ICF(N) 13.945 2.946 - 21.359 - 1.688 2.710 2.508
N/H 3.266e-05 4.895e-05 - 1.677e-05 2.256e-05 2.868e-05 1.983e-05 6.914e-06
12+log(N/H) 7.514±0.20 7.690±0.19 - 7.224±0.116 7.353±0.519 7.458±0.043 7.297±0.037 6.840±0.101
Ne iii/H 8.90e-06 1.960e-05 - 8.250e-06 1.740e-05 3.640e-06 1.830e-05 6.760e-06
ICF(Ne) 1.199 1.638 - 1.049 - 2.454 1.585 1.663
Ne/H 1.050e-05 2.391e-05 - 8.550e-06 2.421e-05 9.597e-06 2.667e-05 1.008e-05
12+log(Ne/H) 7.021±0.006 7.379±0.08 - 6.932±0.003 7.384±.136 6.982±0.023 7.426±0.032 7.003±0.037
Ar iii/H 4.210e-07 - 4.900e-07 4.390e-07 7.140e-07 9.020e-07 8.530e-07 5.530e-07
Ar iv/H - - - - - - - -
ICF(Ar) 1.870 - 1.870 1.870 1.870 1.870 1.870 1.870
Ar/H 7.873e-07 - 9.163e-07 8.209e-07 1.335e-06 1.687e-06 1.595e-06 1.034e-06
12+log(Ar/H) 5.896±0.37 - 5.962e+00±0.50 5.914±0.116 6.126±0.519 6.227±0.043 6.203±0.037 6.015±0.101
S ii/H 6.130e-08 2.555e-07 - - 4.015e-07 2.517e-07 2.187e-07 4.678e-08
S iii/H 1.210e-06 - - 1.120e-06 - - - 2.978e-07
ICF(S) 1.710 1.120 - 1.954 - 1.024 1.101 1.085
S/H 2.217e-06 1.577e-06 - 2.399e-06 5.441e-06 6.196e-06 5.317e-06 3.884e-07
12+log(S/H) 6.365±0.027 6.198±0.10 - 6.380±0.032 6.736±0.379 6.792±0.001 6.726±0.015 5.589±0.056
Table 2 – continued
Diagnostic F1-21 F2-4 F2-7 F2-10 F2-11 F2-15
Te[O iii](K) 12750±1300 8600±880 20650±1700 13900±1350 12250±650 11100±650
Te[N ii](K) - 10850±2450 - - - -
Ne [S ii](cm
−3) 6350±200 2650±0 - 750±30 - -
He i/H 0.097 0.145 - 0.073 0.093 0.083
He ii/H 0.004 - 0.062 - - -
He/H 0.101±4.32e-3 0.145±5.42e-3 0.062±8.36e-5 0.073±1.26e-3 0.093±9.89e-4 0.083±9.00e-4
O i/H - - - - - -
O ii/H 1.792e-05 9.136e-05 - 3.762e-05 - 1.650e-06
O iii/H 8.869e-05 2.137e-04 6.875e-05 2.819e-05 9.420e-05 2.057e-04
ICF(O) 1.030 1.000 1.000 1.000 1.000 1.000
O/H 1.097e-04 3.050e-04 6.875e-05 6.581e-05 9.420e-05 2.073e-04
12+log(O/H) 8.040±0.142 8.484±0.317 7.837±0.072 7.818±0.157 7.974±0.069 8.317±0.078
N ii/H 3.093e-06 1.274e-05 8.115e-07 4.183e-06 4.190e-07 1.240e-06
ICF(N) 5.111 1.751 - 1.611 - 119.458
N/H 1.894e-05 4.253e-05 - 7.317e-06 - 1.344e-04
12+log(N/H) 7.277±0.068 7.629±0.162 - 6.864±0.071 - 8.129e+00
Ne iii/H 9.820e-06 2.250e-05 8.280e-06 - - 2.440e-05
ICF(Ne) 1.290 2.331 1.000 - - 1.008
Ne/H 1.215e-05 3.212e-05 8.280e-06 - - 2.460e-05
12+log(Ne/H) 7.085±0.014 7.507±0.139 6.918±0.082 - - 7.391±0.001
Ar iii/H 5.470e-07 1.500e-06 - 2.280e-07 6.350e-07 6.670e-07
Ar iv/H - - - - - -
ICF(Ar) 1.870 1.870 - 1.870 1.870 1.870
Ar/H 1.023e-06 2.805e-06 - 4.264e-07 1.187e-06 1.247e-06
12+log(Ar/H) 6.010±0.068 6.448±0.162 - 5.63±0.071 6.075±0.031 6.096±0.037
S ii/H 9.936e-08 1.698e-07 - 4.270e-08 - -
S iii/H - 8.810e-06 - 2.140e-06 3.410e-06 1.000e-06
ICF(S) 1.278 1.028 - 1.019 - 3.424
S/H 2.360e-06 1.033e-05 - 2.243e-06 - 3.482e-06
12+log(S/H) 6.373±0.019 7.014±0.050 - 6.351±0.003 - 6.542±0.006
Te[O iii] was measured, we adopted it both for low- and
high-ionisation species. The abundances of He i and He ii
were computed using the equations of Benjamin, Skillman
& Smits (1999) in two density regimes, that is Ne > 1,000
and 6 1,000 cm−3. The Clegg’s collisional populations were
taken into account (Clegg 1987).
We discuss the figures that come up from our abundance
analysis in the following sub-section –abundance patterns–,
here we simply compare our average abundances with those
of RM08. First, as a consequence of the significant discrep-
ancies between our and their electron temperatures, we also
find a significant discrepancy when comparing both abun-
dance, if only the PNe in common are considered. This is so
because the temperature of the gas is a strong contributor
in the derivation of the ionic abundances (see, Osterbrock
& Ferland 2006). If, on the other hand, we take the average
values of all PNe in RM08’s Table 6 and our complete sam-
ple, both chemistries compare much better, in the last row
of Table 3.
3.1 Abundance patterns
Considering that we want to use the chemical compositions
of the PNe to study the luminosity(mass)-metallicity rela-
tions of the LG dwarf galaxies of different types, the dIrrs
and dSphs, we need to check if O/H we derived above is
or not a robust diagnostic of the ISM abundances at the
time the progenitor stars at the center of these PNe were
born. Though this is a phenomenon more relevant at very
low metallicities (Pe´quignot et al. 2000; Leisy & Dennefeld
2006; Richer & McCall 2007; Magrini & Gonc¸alves 2009)
type I PNe of the low-metallicity dwarf galaxies can pro-
duce and dredge-up oxygen to the surface of the central
star, so to the nebular gas. The O/H of these type of PNe
are of course not a good indicator of the ISM metallicity at
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Table 3. cβ , electron temperatures, electron densities and total abundances of RM08, as compared
to ours, the latter between brackets.
PN ID cβ Te[O iii] Ne [S ii] He/H O/H
a N/Ha Ne/Ha
(K) (cm−3)
PN1 - (0.53) 11,500(16,000) 2,000c(3,150) 0.131(0.080) 8.21(7.42) 7.47(6.84) 7.48(7.00)
PN4 0.45(0.46) 15,100(18,450) 2,000c(6,600) 0.122(0.106) 8.12(7.93) 8.17(7.51) 7.15(7.02)
PN5 0.42(0.36) 11,100(13,800) 2,000c(4,350) 0.097(0.082) 8.53(8.28) 8.34(7.69) 7.71(7.37)
PN7 0.60(0.40) 11,900(12,350) 2,000c(5,750) 0.121(0.084) 8.30(8.34) 7.87(7.35) 7.37(7.38)
PN9 0.94(0.41) <15,200(12,550) 2,000c(6,300) 0.103(0.084) 8.11(8.32) 7.20(7.29) 7.58(7.42)
PN24 - (0.12) <16,200(8,600) 2,000c(2,650) 0.066(0.145) 7.55(8.48) - (7.62) - (7.50)
Meanb 0.61(0.38) 13,570(13,250) 2,000c(5,300) 0.108(0.090) 8.02(8.12) 7.38(7.39) 7.33(7.22)
aAbundances of O, N and Ne are given in units of 12 + log(X/H).
bThe mean values are based on all the PNe described in Table 6 of RM08 and in our Table 2.
cRM08 electron densities (2,000 cm−3) are assumed, instead of observed, values.
Figure 3. Various abundance patterns. Top: Log N/O vs. He/H
for the brightest PNe of our sample (red triangles). RM08 PNe,
which were not observed in the present work (see their Table 6),
are represented in these plots as well (green circles). He/H>0.125
and log(N/O)>-0.3 give the region of the type I PNe, as defined
from PNe of the Galaxy Perinotto et al. (2004), marked with
short dashed lines. The limits for the SMC type I PNe Leisy
& Dennefeld (2006) are marked with long dashed lines. In any
case type I should populate the top right portion of the plot.
Middle: Ne/H vs. O/H as compared the “universal” relationship
between these two abundance ratios. The solid line is the fit for
the PNe in the sample of Henry (1989). The dotted lines are
placed at ±1σ and the dashed lines at ±3σ, where σ=0.1dex.
Bottom: S/H vs. O/H. Another α element, which should follow a
similar relationship with oxygen as that of neon, since, as much
as Ne, sulphur and oxygen have common origin.
the time progenitors were born. The latter happening, the
PN abundances should be used with special care in analysis
such as the forthcoming ones.
In Figure 3 we show some abundance patterns, in-
cluding the log(N/O) versus He/H plot, in order to verify
whether or not the PNe in our sample are significantly en-
riched in He and N. Following the definition based on Galac-
tic PNe by Peimbert & Torres-Peimbert (1983), Kingsburgh
& Barlow (1994), and others, type I PNe are nitrogen- and
helium-enriched, with progenitors having likely undergone
the third dredge-up and hot bottom-burning, and thus are
likely to have higher progenitor masses (Peimbert & Torres-
Peimbert 1983; Marigo 2001). By this criterion, type I PNe
are located in this plot where He/H > 0.125 and log (N/O)>
0.3 (short-dashed lines) are defined for the Milky Way (see
Perinotto, Morbidelli & Scatarzi 2004). However, because
the metallicity of NGC 205 is similar to that of the Small
Magellanic Cloud (SMC), we also include in this plot the
equivalent criterion, defined by Leisy & Dennefeld (2006)
using a large number of SMC PNe (long-dashed lines). The
top-right portion of the plot, regardless of the criterion
adopted, should be populated by the type I PNe of NGC 205.
Clearly, from these criteria, there are no type I objects in
our, or RM08, sample of PNe in NGC 205.
The other two panels of Figure 3 show the behaviour of
the α elements (sulphur and neon) abundances as a function
of the O/H. Neither Ne nor O are usually produced during
the lifetime of the PN progenitors in significant amounts,
and, in the case of NGC 205’s PNe there is no reason to
think differently. In fact, the abundances of these two ele-
ments seem to vary in lockstep, where the slope of the log-log
relation is very close to unity (cf. Henry 1989), as we see in
the middle panel of Figure 3. This behaviour is essentially
the same for H ii regions (Vigroux et al. 1987; Izotov et
al. 2006) and it seems independent of the host galaxy. As
shown by Henry (1989), by putting together the Ne and O
abundances of 157 PNe, planetary nebulae of the Galaxy,
LMC, SMC and M31 all follow the “universal” relation of
Ne vs. O, with a slope of +1.16 in the log-log plot (con-
tinuous line plotted in the middle panel of the figure). S/H
vs. O/H also follows a similar trend with oxygen as that
of neon, since, sulphur and oxygen also have common ori-
gin. Note that RM08’s PNe not re-observed in the present
work follow the same behaviour of our own sample (green
symbols). So, altogether, we can conclude that oxygen is a
reliable tracer of the ISM composition at the time of the PN
progenitor birth.
3.2 PN progenitors ages and masses
It is possible to estimate the central star luminosity and
effective temperature (Teff ) by using our optical spectra.
To understand the limits and the assumptions of these esti-
mations, there are few considerations that need to be done.
First, Teff is obtained from the Zanstra temperature, us-
ing the formulae by Kaler & Jacoby (1989) when applied
to extragalactic PNe (see Kniazev et al. 2005). These re-
lations assume that the PNe are optically thick in the He-
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Figure 4. Vassiliadis & Woods (1994) tracks (z=0.004, dashed
lines for H-, and continuous line for He-burning tracks), with
superimposed the central stars’ effective temperatures and lu-
minosities, for the PNe for which we computed chemical abun-
dances. The filled circles are PNe with He ii detected, thus those
for which the Teff can be directly obtained. The empty circles
are PNe without He ii lines, so their Teff is considered constant
at 80,000 (which the value obtained in the Zanstra relationship if
we consider He ii λ4686=0).
ionising continuum. Thus, the derived Teff is an upper limit
when He ii λ4686 is not detected, and a lower limit when
He ii λ4686 is detected and the nebula is optically-thin in the
He-ionising continuum. Only in those cases when He ii λ4686
is detected and the nebula is optically thick in the ionising
continuum for He+, so the Zanstra temperature fulfils the
conditions for its derivation. For the total luminosities of the
PN central stars, the relations given in Gathier & Pottasch
(1989) and Zijlstra & Pottasch (1989) were applied, consid-
ering the photometric [O iii] fluxes –that include both lines
of the [O iii] doublet– of C05, and scaling them with the
ratio between Hβ and [O iii], to obtain the photometric Hβ
flux. We then corrected the Hβ fluxes for reddening, and
adopted a distance of 770 kpc to NGC 205 to compute the
absolute luminosities. We note that the so-computed stel-
lar luminosities are upper limits in all cases when the neb-
ula is optically-thin in the H-ionising continuum. Masses, on
the other hand, were derived from to theoretical evolution-
ary tracks of Vassiliadis & Wood (1994) for Z = 0.004 (1/5
Z⊙). Ages were estimated using the evolutionary lifetimes of
the various phases of the progenitor stars, from Vassiliadis
& Wood (1993). For the four PNe in which He ii λ4686
was measured, we give an estimate of their luminosity and
Teff . For the remaining PNe, we give an upper limit of their
Teff , conservatively considering the flux of He ii λ4686=0.
There are two possibilities to understand their location in
the HR diagram: either these stars have low temperatures,
and they originate from very low mass progenitors –perhaps
of unreasonably low mass–, or the detection limit for He ii
is such that their true temperatures may be higher, near
logTeff=5.2 dex, and thus they are consistent with the evo-
lutionary track of ∼2M⊙. Given the number of stars with
these characteristics, the second possibility is the most prob-
able one. Having in mind the limits in the above calculations,
we conclude that the so-derived effective temperatures and
luminosities of the central stars allow us to determine an
upper limit to the mass distribution for the progenitor stars
and the age for the youngest progenitors only, which are
characterised by masses of ∼2-2.5 M⊙, and thus were born
between 1.0 and 1.7 Gyr ago.
4 THE LUMINOSITY- AND MASS-
METALLICITY RELATIONS FOR THE LG
DWARF GALAXIES
Given the history of the LZR –the controversial existence or
not of an offset in the sense that for a given luminosity higher
metallicities would be found for the dSphs as compared with
the dIrrs–, we re-analyse the PN LZR and the MZR of the
LG dwarfs, in Figure 5 and Figure 6.
4.1 The luminosity-metallicity relation
To build the LZR, the oxygen abundances of the PN popula-
tion of the galaxies were found in our own previous studies,
and in a number of others from the literature (see Fig. 5).
Particularly in the case of NGC 205, the mean O/H was
derived from the data in the present work, the 14 PNe in
Table 2, plus the 7 PNe of RM08 not included in this paper.
Thus, the 21 PNe give a 12+log(O/H) = 8.03±0.29. The
luminosities (MB) are from Mateo (1998), Lee et al. (2003)
and van den Bergh (2007). The continuous line shown in
Figure 5 gives the weighted least-squares fit to the metallic-
ity versus luminosity data for the 50 dIrrs within a distance
of 5 Mpc. This fit,
12 + log (O
H
) = 5.67 − 0.151 MB , (1)
was obtained from the galaxies’ H ii regions, as given in
the compilation of van Zee et al. (2006). The first aspect
to be noticed in Figure 5 is that the location of the dIrrs
and dSphs in the LZR cannot be clearly separated from
each other, meaning that the offset we found previously (see
Fig. 6 of Gonc¸alves et al. 2007) has vanished. The latter
is due to the fact that in the present version of the plot
we use new measurements of PN metallicities (the O/H of
PN population in M32, NGC 3109, NGC 6822, NGC 185,
NGC 205 and SMC come from analysis published after 2007;
see the caption of Fig. 5). Coherently, this is in agreement
with the latest results from the spectroscopically determined
stellar LZR (Kirby et al. 2013).
We note that only one dIrr (and none dSph) was added
to the LZR since the analysis of 2007, namely IC 10 (Ma-
grini & Gonc¸alves 2009). However, the O/H of several (M32,
NGC 3109, NGC 6822, NGC 185, NGC 205 and SMC) dwarf
galaxies had been revised, so, altogether 7 of the 14 objects
in the plot had their O/H changed somewhat.
As a matter of fact, oxygen was produced, and brought
to the surface of the central stars via the third dredge-up
in a few PNe of the dIrrs Sex A (Magrini et al. 2005) and
NGC 3109 (Pen˜a et al. 2007). Judging from Figure 5, if these
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Figure 5. The PNe luminosity-metallicity relation of the LG
dwarf galaxies, showing 12+log(O/H) vs. magnitude. Filled sym-
bols represent the dIrrs while the dSphs are have empty symbols.
The standard deviation of the abundances in a given galaxy is
also plotted, except for the galaxies in which only one PN had its
oxygen abundance determined. The continuous line represents the
LZR, from H ii regions of nearby (D 6 5 Mpc) galaxies with mag-
nitudes fainter than -18 (van Zee et al., 2006). The dashed lines
represent the mean value and standard deviation (8.098±0.27)
for the PNe of all the dwarf galaxies in the plot. References for
the 12+log(O/H) are: IC 10, Magrini & Gonc¸alves (2009); SMC,
Shaw et al. (2010); LMC, Leisy & Dennefeld (2006); Sextans A
and Sextans B, Magrini et al. (2005); Leo A, van Zee et al. (2006);
NGC 3109, Pen˜a et al. (2007); NGC 6822, Herna´ndez-Martinez et
al. (2009); M32, RM08; NGC 205, this work plus RM08; NGC 185,
Gonc¸alves et al. (2012); Sagittarius, Zijlstra et al. (2006) and Ot-
suka et al. (2011); Fornax, Kniazev et al. (2007); and NGC 147,
Gonc¸alves et al. (2007); M31, Jacoby & Ciardullo (1999), Kwit-
ter at al. (2012), Balick et al. (2013); Milky Way, Perinotto et
al. (2004); M33, Magrini et al. (2009). Luminosities (MB) of the
dwarf galaxies are from the Mateo (1998), with the exception of
those for the LMC and SMC that are from Lee et al. (2003). MB
of the Galaxy, M31 and M33 are from van den Bergh (2007).
two galaxies were excluded, the LZR of the dIrrs would not
change significantly. However, and fortunately, the phenom-
ena of oxygen production in PNe is a rare one, and occurs
mainly for 12+log(H/O)67.7 (see Magrini & Gonc¸alves 2009
for a complete discussion on the third dredge-up of oxygen
in the LG dwarfs). Following Kniazev et al. (2007), the self-
production of oxygen occurred in the dSph Fornax. These
authors propose to lower the 12+log(O/H) by 0.27±0.10 in
order to reconcile the galaxy abundance patterns of S/O,
Ne/O and Ar/O with the expected values. At variance with
Sex A and NGC 3109, in the case of Fornax, such a correc-
tion would actually make it better correlate with the other
dSphs of the LZR. However, the O/H for Fornax is based
on only one PN, so probably neither representing the oxy-
gen abundance in all of the stars in this galaxy, nor the
stellar population to which its progenitor star belonged. It
is worth mentioning as well that the enrichment in Sgr may
have been accelerated by the lack of metal-poor gas (as com-
pared to isolated dIrr galaxies), or by accretion of enriched
gas expelled by our Galaxy, as pointed out in Zijlstra et al.
(2006). A decrease of the O/H of Sgr would better locate this
galaxy in the LZR defined by the remaining dSphs. Also, a
higher luminosity for Sgr would make it better agrees with
the location of the other data points in the relation, and, in
all likelihood, its luminosity before its interaction with the
Milky Way was substantially higher than that of Fornax.
4.2 The mass-metallicity relation
In addition to the LZR, we present in Figure 6 the mass-
metallicity relation of the LG dwarf galaxies. The stellar
masses of the LG galaxies were taken from the compilation
by McConnachie (2012), while the oxygen abundances are
from the analysis of PN spectra, as in Fig. 5. First, we note
that, as in the case of the LZR, dIrrs and dSphs are not
segregated, and follow a common relation.
In Figure 6 we plot the least-squares fit obtained by
Kirby et al. (2013, see their eq. 4) using the stellar metal-
licities in dwarf galaxies and our least mean square fit. We
added a constant to the Kirby’s et al. (2013) interception
of the Y-axis to match the nebular metallicity, expressed in
our plot as 12 + log(O/H). The Kirby’s relation becomes:
12 + log (
O
H
) = (−1.69− 1.8 + A) + 0.3 × log (
M⋆
M⊙
) (2)
where -1.69 is the original intercept from the fit of Kirby et
al. (2013), obtained using log (M⋆×106M⊙), −1.8 is the con-
stant that takes into account that our abscissa is expressed
in log(M⋆/M⊙) and A=9.25 is the constant needed to match
the data. The choice of A=9.25 dex translates the Kirby et
al. (2013) relation to the region of Fig. 6 occupied by our
data. While the slope is relevant for comparison with our
data and the other relations in Fig. 6, the zero point is not.
The least mean square fit to our data gives the following
relation:
12 + log (
O
H
) = 6.19 + 0.24 × log (
M⋆
M⊙
). (3)
The fit presented in Eq. 3 is very sensitive to the data points
for the LMC and Leo A. However, excluding them would
mean to limit the mass range from log(M⋆/M⊙)∼7.5 to 8.
The lowest mass in Kirby’s et al (2013) was of the order
of 103M⊙. In Figure 6, we encompass a smaller stellar mass
range (107M⊙ to 10
9M⊙) in which we find that the MZR
has a slope similar to that of the relation built with stellar
metallicities. The MZR with oxygen abundances seems to
deviate only when reaching the stellar mass of the dIrr Leo A
with M⋆ <10
7M⊙.
In Figure 6, we also show the comparison with the mass-
metallicity relation for M⋆ stacks, obtained with Sloan SDSS
Data Release 7 by Andrews & Martini (2013). They mea-
sured [O iii], [O ii], [N ii], and [S ii] electron tempera-
tures, and from them, they adopted the direct method gas-
phase oxygen abundances from stacked galaxy spectra. They
stacked the spectra of ∼200,000 SDSS star-forming galax-
ies in bins of 0.1 dex in stellar mass. Thus, the Andrews &
Martini (2013)’s MZR is better comparable with our results
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than MZR obtained with methods that do rely on strong
line diagnostics (e.g. Tremonti et al. 2004).
Excluding Fornax and Sgr, discussed in the previous
section, we note that the oxygen abundances of PNe trace
the same metallicity as H ii regions in the Sloan SDSS. In
particular we do not see any offset from the average metal-
licity in each bin of stellar mass. We also note that the dIrr
galaxy Leo A deviates from the linear fit, and it is located
below both the Van Zee et al. (2006)’s fit of Fig. 5 and the
Kirby et al. (2013)’s fit of Fig. 6. However, the location of
Leo A is perfectly consistent with the extrapolation of the
asymptotic logarithmic fit of the SLOAN mass-metallicity
relation shown in Fig. 6. Note that this is among the metal
poorest points added to the MZR relation built with oxygen
abundances.
The results shown in Figure 6 points out a possible uni-
versality of the MZR for both dIrr and dSph galaxies. There
is still a non-negligible scatter among the data points based
upon the chemical composition from PNe. At variance with
the previous results (see Richer & McCall 1995, Gonc¸alves
et al. 2007), based on small statistics and non-homogeneous
analysis and indicating a clearly different behaviour of dIrr
and dSph galaxies, now these two classes of galaxies are com-
patible with a unique mass-metallicity relation. Being very
conservative, we can conclude saying that at present nei-
ther the data nor the mass-metallicity relations are known
well enough to categorically affirm that dwarf irregulars and
dwarf spheroidals follow the same mass-metallicity relation,
though they are now fully compatible with this possibility.
This was not the case previously. It is interesting to notice
that both dIrrs and dSphs are consistent with global MZR
of star forming galaxies, likely because chemical evolution is
a function of stellar mass and its correlation with the total
mass (baryonic and non-baryonic) of the galaxy.
5 CONCLUSIONS
In this paper our new optical observations for NGC 205,
obtained using the GMOS at Gemini, a multi object imager
and spectrograph, were presented. By applying the narrow-
band [O iii] - [O iii]cont technique, we identified a number of
37 PN candidates, which were then studied in terms of their
physical and chemical properties. 16 of these candidates were
actually confirmed to be PNe. Another three were identified
as symbiotic systems (Gonc¸alves et al, in prep).
The analysis of the PN optical spectra allowed us to
derive the electron densities (Ne; none of the NGC 205 PNe
had its Ne determined previous to the present work), the
electron temperatures (Te) and ionic as well as total abun-
dances. These PN properties were compared with the only
good enough previous work about the spectroscopy of the
PNe in NGC 205 (Richer & McCall 2008) and, in general,
both analysis are in agreement.
The chemical patterns and evolutionary tracks derived
for 14 of our PNe suggest that there are no type I planetary
nebulae in the present sample, which also implies that the
PN average oxygen abundance (12+log(O/H)=8.08±0.28)
of NGC 205 is a robust diagnostic of the ISM metallicity
by the time the progenitor stars were born, about 1.0 to
1.7 Gyr ago. Altogether NGC 205’s PNe are relatively young
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Figure 6. The PN mass-metallicity relation of the LG dwarf
galaxies, showing 12+log(O/H) vs. stellar mass. Filled symbols
represent the dIrrs while the dSphs are have empty symbols. The
standard deviation of the abundances in a given galaxy is also
plotted, except for the galaxies in which only one PN has its oxy-
gen abundance determined. References for the 12+log(O/H) are
the same as in Figure 5. Data for stellar masses were taken from
the compilation by McConnachie (2012). The dashed line repre-
sents the mass-stellar metallicity relation of Kirby et al. (2013) to
which we added a constant to match the oxygen metallicity, while
the continuous line is the mean least square fit to our data. The
direct method mass-metallicity relation for M⋆ stacks in Sloan
SDSS Data Release 7 (DR7; Abazajian et al. 2009) (empty circles)
from Andrews & Martini (2013). The red solid curve shows the
asymptotic logarithmic fit to the direct method measurements.
The dashed red curve is an extrapolation of the fit.
(latter figures), as it is implied by the mass range of their
progenitors, between 2 and 2.5 M⊙.
We have been studying for years the metallicity trends
of the LG dwarf galaxies, as seen from these galaxies PN
population (Magrini et al. 2005, Leisy et al. 2005, 2006,
Gonc¸alves et al. 2007, Magrini & Gonc¸alves 2009, Gonc¸alves
et al. 2012), among others, with the goal to establish the PNe
luminosity- and mass-metallicity relations for the nearby
dIrrs as well as the dSphs. Previous attempts to obtain
such relations have been shown to be based on a too limited
sample and poorly measured abundances (Richer & McCall
1995; Gonc¸alves et al. 2007). We revisited this issue using
more and more accurate data, and found results that con-
tradict the previous ones, but that agree very closely with
the new LZR and MZR obtained recently by using stellar
metallicities (Kirby et al. 2013).
Using spectroscopic stellar metallicities for dIrrs and
dSphs, Kirby et al. (2013) have recently shown that dwarf
irregulars obey the same mass-metallicity relation as the
dwarf spheroidals, and they also have shown this rela-
tionship is roughly continuous with the stellar mass-stellar
metallicity relation for galaxies as massive as M∗ = 10
12 M⊙.
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It is extremely interesting to note that, the slope of the
MZR given by the PNe metallicities in the present work,
is the same as that obtained by using stellar metallicities.
The stellar masses of the galaxies in our sample correspond
to 107 up to 109 M⊙. On the other hand, in Kirby et al.
(2013) galaxies of smaller stellar masses (>103 M⊙) are also
studied, and, in addition, using the H ii region metallicities
recently obtained for more massive galaxies (SDSS; Andrews
& Martini (2013), the universality of the MZR is strongly
reinforced by the present analysis.
And, a final aspect of the our results that it is worth
highlighting is that not only the MZR for both dIrr and dSph
galaxies are consistent with the same relation, at variance
with the differences claimed in the past, but also the MZR
of both dIrrs and dSphs are consistent with the global MZR
of star-forming galaxies.
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APPENDIX A: EMISSION-LINE FLUX
MEASUREMENTS
In this section we present the observed emission-line fluxes
and extinction corrected intensities measured in our sample
of PNe.
Table A1. Observed fluxes and extinction corrected intensities
of our PNe. Column (1) gives the PN name; column (2) gives the
observed Hβ flux in units of 10−16 erg cm−2 s−1; column (3)
the nebular extinction coefficient; columns (4) and (5) indicate
the emitting ion and the rest frame wavelength in A˚; columns
(6), (7), and (8) give extinction corrected (Iλ) intensities, the
relative error on the fluxes (∆Fλ) and the measured fluxes (Fλ).
Both Iλ and Fλ are normalised to Hβ=100. Upper limits on the
line fluxes are marked with :.
Id FHβ cβ Ion λ (A˚) Iλ ∆Fλ Fλ
∆cβ (%)
F1-8 13.58 0.458 He i 3734 1.4 0.9 1.0
±0.005 He i 3872 61.8 1.7 47.7
H i 3889 14.2 1.1 11.0
[Ne iii] 3968 40.1 1.5 31.8
He i 4026 4.6 0.3 3.7
Hδ 4100 27.0 0.9 22.1
Hγ 4340 59.2 1.1 51.7
[O iii] 4363 32.7 1.0 28.7
He i 4471 7.4 0.8 6.7
He ii 4547 1.2 0.5 1.1
He ii 4686 13.5 0.6 12.9
Ar iv 4712 3.7 0.3 3.6
Ar iv 4740 5.9 0.4 5.8
Hβ 4861 100.0 0.8 100.0
He i 4922 1.3 0.3 1.3
[O iii] 4959 376.3 1.7 386.1
[O iii] 5007 1120.7 2.7 1164.2
He i 5016 3.5 0.3 3.6
[Fe iii] 5085 0.5 0.1 0.5
[Fe ii] 5159 0.3 0.2 0.3
[N i] 5200 0.7 0.2 0.7
[Fe iii] 5412 0.9 0.1 1.1
C iv 5802 0.5 0.1 0.6
[O i] 5577 11.4 0.3 13.5
[Fe ii] 5582 18.1 0.2 21.6
[N ii] 5755 1.8 0.2 2.2
He i 5876 18.4 0.3 22.9
[Si ii] 6347 0.4 0.2 0.5
O i 6363 1.4 0.2 1.8
[N ii] 6548 12.0 0.3 16.5
Hα 6563 289.9 1.0 399.2
[N ii] 6584 35.4 0.4 48.9
He i 6678 4.5 0.3 6.3
[S ii] 6717 1.5 0.2 2.2
[S ii] 6731 2.7 0.2 3.8
[Ar v] 7006 1.4 0.1 2.0
He i 7065 13.7 0.1 20.3
[Ar iii] 7135 14.6 0.1 21.9
[O ii] 7320 6.6 0.2 10.1
[O ii] 7330 5.9 0.2 9.1
[Ar iii] 7751 3.0 0.1 4.9
H i 8665 0.8 0.1 1.6
H i 8750 1.4 0.2 2.7
H i 8862 2.4 0.1 4.5
H i 9015 1.4 0.2 2.7
[S iii] 9069 13.3 0.3 26.5
H i 9229 2.0 0.3 4.0
He i 9526 46.9 0.3 100.1
H i 9546 3.0 0.1 6.4
F1-9 19.05 0.366 He i 3587 14.6 0.9 11.2
±0.003 H i 3667 3.6 0.7 2.8
[O ii] 3726 18.2 1.2 14.4
H i 3771 2.1 0.8 1.7
H i 3798 2.5 0.9 2.0
[Ne iii] 3868 60.9 1.4 49.5
H i 3889 11.4 1.0 9.3
He ii 3922 2.3 1.0 1.9
[Ne iii] 3968 39.2 1.1 32.5
[F iv] 4060 2.9 0.9 2.5
[Si ii] 4069 4.8 0.9 4.1
Hδ 4100 31.0 1.0 26.5
Hγ 4340 56.7 1.1 50.9
[O iii] 4363 19.1 0.7 17.2
O ii 4417 1.1 0.4 1.0
He i 4471 6.0 0.8 5.5
He ii 4686 5.5 0.8 5.3
Ar iv 4712 2.9 0.3 2.8
Ar iv 4740 3.3 0.3 3.2
Hβ 4861 100.0 0.7 100.0
He ii 4922 1.2 0.5 1.2
[O iii] 4959 404.5 1.5 412.9
[O iii] 5007 1207.4 2.6 1244.6
[N ii] 5755 0.8 0.4 1.0
He i 5876 10.0 1.6 11.9
[K iv] 6102 0.2 0.1 0.2
He ii 6171 0.3 0.1 0.4
[O i] 6300 4.8 0.1 6.0
[S iii] 6312 2.7 0.1 3.4
O i 6363 1.5 0.1 1.9
[Si ii] 6371 0.2 0.1 0.3
[N ii] 6548 13.5 0.1 17.5
Hα 6563 289.3 0.2 373.6
[N ii] 6584 40.7 0.5 52.6
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Table A1 – continued
Id FHβ cβ Ion λ (A˚) Iλ ∆Fλ Fλ
∆cβ (%)
He i 6678 3.8 0.1 5.0
[S ii] 6717 3.0 0.1 4.0
[S ii] 6731 5.0 0.1 6.6
He i 7065 9.7 0.1 13.3
He i 7281 1.1 0.1 1.6
[O ii] 7320 6.4 0.1 9.0
[O ii] 7330 5.4 0.1 7.7
[Ar iii] 7751 3.3 0.2 4.9
H i 8467 0.5 0.1 0.8
[Cl iii] 8500 0.6 0.1 0.9
H i 8546 0.9 0.2 1.4
[Cl ii] 8579 0.2 0.1 0.3
H i 859 0.7 0.2 1.2
H i 8665 1.4 0.2 2.3
N i 8680 0.7 0.2 1.1
H i 8750 1.1 0.2 1.9
H i 8862 1.3 0.2 2.2
H i 9015 1.5 0.2 2.6
[S iii] 9069 12.7 0.2 22.0
He i 9210 0.3 0.1 0.6
H i 9229 2.0 0.2 3.6
He i 9526 32.4 0.5 59.3
H i 9546 2.5 0.3 4.6
H i 10049 2.5 0.1 4.8
F1-10 1.715 0.306 He i 3734 32.2 8.8 26.4
±0.022 H i 3889 49.9 8.0 42.2
[Ne iii] 3968 25.3 8.3 21.7
Hγ 4340 59.4 8.8 54.3
O ii 4349 22.2 9.7 20.3
[O iii] 4363 9.8 8.3 8.9
[Fe ii] 4413 19.1 14.1 17.6
Hβ 4861 100.0 4.0 100.0
[O iii] 4959 246.7 4.1 251.0
[O iii] 5007 749.0 5.7 768.5
[N i] 5198 4.9 2.3 5.2
[Fe ii] 5477 2.3 2.6 2.5
[Fe ii] 5496 2.0 2.5 2.2
[Cl iii] 5518 1.6 2.9 1.8
[Fe ii] 5582 460.3 5.7 517.7
He i 5876 11.0 1.1 12.8
[O i] 6300 4.7 1.1 5.7
[N ii] 6548 73.5 4.0 90.8
Hα 6563 288.9 4.0 357.8
He i 7065 5.4 1.5 7.1
[Ar iii] 7135 9.1 1.3 11.9
[Fe ii] 7220 7.7 1.3 10.2
[O ii] 7330 11.9 1.3 15.9
F1-13 4.359 0.423 H i 3657 3.8 11.1 2.8
±0.010 [O ii] 3729 11.2 3.8 8.5
H11 3771 10.6 4.9 8.2
He i 3806 11.9 3.8 9.2
[Ne iii] 3868 25.2 2.8 19.8
Hγ 4340 64.2 3.8 56.6
O ii 4349 8.4 3.5 7.4
[O iii] 4363 10.0 3.5 8.8
Hβ 4861 100.0 1.9 100.0
[O iii] 4959 216.6 2.7 221.7
[O iii] 5007 643.8 3.8 666.7
He i 5876 9.7 3.1 11.9
[N ii] 6548 2.1 0.5 2.8
Hα 6563 289.7 1.1 389.3
[N ii] 6584 6.3 0.3 8.5
He i 6678 3.5 0.4 4.8
He i 7065 6.2 0.5 9.0
[Ar iii] 7135 9.3 0.4 13.5
[O ii] 7320 1.3 0.6 2.0
[O ii] 7330 1.7 0.5 2.6
Si i 7538 4.2 0.4 6.5
[Ar iii] 7751 1.8 0.7 2.9
[Cr ii] 8000 1.4 0.7 2.3
N i 8703 2.6 0.3 4.6
N i 8712 7.8 0.5 14.0
H i 9229 2.3 0.4 4.5
[S iii] 9069 7.8 0.5 14.8
He i 9526 19.3 0.7 38.8
H i 9546 2.1 0.4 4.2
[C i] 9850 3.9 0.7 8.3
F1-14 15.01 0.403 [O ii] 3729 17.2 2.1 13.2
±0.004 He i 3734 12.3 1.3 9.5
He i 3785 1.4 1.5 1.1
H i 3798 2.6 1.9 2.0
He i 3872 37.6 1.2 29.9
H i 3889 11.1 0.7 8.9
[Ne iii] 3968 29.4 1.2 23.9
He i 4009 5.3 0.8 4.4
Hδ 4100 32.5 1.1 27.3
Hγ 4340 61.6 1.3 54.7
[O iii] 4363 10.7 0.7 9.5
He i 4471 6.3 0.7 5.7
[Fe ii] 4874 1.5 0.3 1.5
Hβ 4861 100.0 0.8 100.0
He ii 4922 1.8 0.3 1.8
[O iii] 4959 300.0 1.4 306.9
[O iii] 5007 889.7 2.5 920.1
Table A1 – continued
Id FHβ cβ Ion λ (A˚) Iλ ∆Fλ Fλ
∆cβ (%)
He i 5016 2.7 0.3 2.8
[Fe ii] 5582 33.3 0.6 38.8
[N ii] 5755 0.2 0.2 0.2
He i 5876 9.8 0.4 11.9
[O i] 6300 1.3 0.1 1.7
[S iii] 6312 0.6 0.0 0.8
[O i] 6363 0.6 0.1 0.7
[N ii] 6548 6.1 0.1 8.1
Hα 6563 289.5 0.4 383.7
[N ii] 6584 18.7 0.2 24.9
He i 6678 4.4 0.2 5.9
[S ii] 6717 2.0 0.2 2.7
[S ii] 6731 3.5 0.2 4.8
[Fe ii] 6946 1.4 0.1 1.9
He i 7065 8.5 0.2 12.0
[Ar iii] 7135 12.3 0.2 17.5
He i 7281 1.3 0.2 1.9
[O ii] 7320 3.5 0.1 5.1
[O ii] 7330 2.8 0.2 4.0
[Ar iii] 7751 2.5 0.2 3.9
H i 8598 0.8 0.2 1.3
H i 8665 1.3 0.2 2.2
H i 8750 0.8 0.2 1.5
H i 8862 1.3 0.2 2.4
H i 9015 1.5 0.1 2.7
[S iii] 9069 14.1 0.2 25.8
H i 9229 1.9 0.2 3.6
[S iii] 9530 32.7 0.4 63.7
H i 9546 2.2 0.3 4.3
He i 10031 1.6 0.1 3.2
H i 10049 3.2 0.2 6.6
F1-15 12.75 0.448 [O ii] 3726 28.9 1.3 21.6
± 0.005 [Ne iii] 3868 4.6 1.1 3.6
H i 3889 7.5 1.2 5.8
[Ne iii] 3968 13.4 1.3 10.6
He i 4009 3.1 1.0 2.5
Hδ 4100 27.9 1.3 23.0
O ii 4157 3.7 0.7 3.1
Hγ 4340 56.6 1.2 49.6
[O iii] 4363 2.5 0.6 2.2
He i 4471 5.5 0.6 5.0
Hβ 4861 100.0 1.0 100.0
[O iii] 4959 105.2 1.0 107.9
[O iii] 5007 311.5 1.7 323.3
He i 5016 2.1 0.4 2.1
[N ii] 5755 1.4 0.1 1.7
[O i] 6300 1.1 0.1 1.5
[S iii] 6312 0.6 0.1 0.8
[Si ii] 6347 0.3 0.2 0.3
[O i] 6363 0.3 0.1 0.4
[N ii] 6548 26.8 0.3 36.6
Hα 6563 289.8 0.8 396.4
[N ii] 6584 80.5 0.5 110.5
He i 6678 3.9 0.2 5.4
[S ii] 6717 1.6 0.3 2.2
[S ii] 6731 3.0 0.3 4.2
He i 7065 8.9 0.2 13.1
[Ar iii] 7135 11.4 0.3 16.9
He i 7281 1.0 0.2 1.6
[O ii] 7320 16.9 0.3 25.7
[O ii] 7330 14.3 0.3 21.9
[Ar iii] 7751 2.6 0.3 4.2
H i 8272 0.3 0.2 0.5
O i 8447 1.8 0.2 3.2
H i 8665 1.4 0.2 2.6
H i 8750 2.1 0.2 3.9
H i 8862 1.7 0.3 3.3
H i 9015 1.7 0.2 3.4
[S iii] 9069 16.8 0.3 33.0
H i 9229 2.5 0.3 4.9
He i 9526 41.5 0.4 87.1
[C i] 9850 0.9 0.2 2.0
H i 10049 2.7 0.2 6.1
F1-16 16.54 0.409 He i 3806 4.0 0.9 3.1
±0.005 H i 3835 4.9 0.5 3.9
[Si ii] 3863 3.6 0.6 2.9
[Ne iii] 3868 42.3 1.3 33.6
[Ne iii] 3968 32.4 1.1 26.3
Hδ 4100 29.4 1.3 24.6
C ii 4270 2.9 0.6 2.5
Hγ 4340 59.2 1.1 52.5
[O iii] 4363 10.8 0.7 9.6
He i 4471 6.5 1.0 6.0
Ar iv 4711 1.5 0.8 1.4
Ar iv 4740 1.6 0.7 1.6
S ii 4792 1.9 0.5 1.9
He i 4922 1.5 0.7 1.5
Hβ 4861 100.0 0.9 100.0
He i 4922 1.5 0.7 1.5
[O iii] 4959 286.0 1.6 292.6
[O iii] 5007 850.3 2.7 879.7
He i 5016 2.5 0.9 2.6
[Fe ii] 5582 29.8 0.3 34.8
[N ii] 5755 0.7 0.1 0.8
He i 5876 10.3 0.2 12.6
[O i] 6300 2.9 0.1 3.7
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Table A1 – continued
Id FHβ cβ Ion λ (A˚) Iλ ∆Fλ Fλ
∆cβ (%)
[S iii] 6312 1.0 0.1 1.2
[O i] 6363 1.1 0.1 1.4
He ii 6406 0.2 0.1 0.3
C ii 6454 0.1 0.1 0.1
[N ii] 6548 11.8 0.1 15.7
Hα 6563 289.5 0.5 385.3
[N ii] 6584 35.2 0.2 46.9
He i 6678 4.0 0.1 5.4
[S ii] 6717 1.9 0.1 2.6
[S ii] 6731 3.4 0.1 4.6
He i 7065 11.7 0.1 16.6
[Ar iii] 7135 15.2 0.2 21.9
He i 7281 1.0 0.1 1.4
[O ii] 7320 7.7 0.1 11.2
[O ii] 7330 6.2 0.2 9.2
[Ni ii] 7378 0.6 0.2 0.9
[Ar iii] 7751 3.3 0.1 5.1
H i 8467 1.8 0.1 3.0
H i 8545 0.6 0.1 1.0
H i 8598 0.8 0.1 1.4
[C i] 8727 0.5 0.1 0.9
H i 8750 1.1 0.1 2.0
H i 8862 1.6 0.2 3.0
H i 9015 2.0 0.2 3.6
[S iii] 9069 17.6 0.2 32.6
H i 9229 2.7 0.2 5.1
He i 9526 31.9 0.5 62.8
H i 9546 2.5 0.2 4.8
H i 10049 3.0 0.3 6.3
F1-20 13.37 0.531 He i 3478 5.1 0.1 3.4
±0.005 [O ii] 3726 9.6 0.5 6.8
[Ne iii] 3868 32.3 3.4 23.9
H i 3889 9.8 1.1 7.3
[Ne iii] 3968 15.4 3.1 11.7
He i 4026 5.3 0.1 4.1
Hδ 4100 28.5 3.5 22.6
[Fe ii] 4177 15.0 1.5 12.2
Hγ 4340 54.3 2.2 46.4
[O iii] 4363 4.5 1.2 3.8
He i 4471 5.7 0.7 5.1
Hβ 4861 100.0 0.9 100.0
He i 4922 1.3 0.1 1.3
[O iii] 4959 269.7 1.5 277.7
[O iii] 5007 800.4 2.5 836.2
He i 5016 2.9 0.1 3.1
[N i] 5200 0.6 0.1 0.7
C iv 5802 0.7 0.2 0.9
He i 5876 14.6 0.2 18.9
[O i] 6300 2.8 0.2 3.8
[S iii] 6312 1.5 0.2 2.1
[O i] 6363 1.1 0.2 1.5
[N ii] 6548 10.4 0.2 15.0
Hα 6563 290.4 0.8 420.7
[N ii] 6584 32.6 0.3 47.4
He i 6678 4.0 0.2 6.0
[S ii] 6717 1.4 0.2 2.0
[S ii] 6731 2.0 0.2 3.0
He i 7065 11.8 0.2 18.7
He i 7065 13.1 0.2 20.6
[Ar iii] 7135 15.3 0.3 24.4
He i+[Fe ii] 7281 1.4 0.2 2.3
[O ii] 7320 8.6 0.2 14.2
[O ii] 7330 7.0 0.2 11.5
[Ar iii] 7751 3.4 0.2 6.0
N i 8184 0.2 0.1 0.3
N i 8193 0.2 0.1 0.4
H i 8359 0.3 0.2 0.7
H i 8545 1.1 0.2 2.3
H i 8595 0.5 0.2 1.0
H i 8665 1.4 0.2 2.8
H i 8750 1.1 0.2 2.3
He i+[Fe ii] 8830 5.2 0.2 11.2
H i 8862 1.3 0.2 2.8
He i 8966 2.9 0.2 6.3
F1-21 9.045 0.465 [O ii] 3726 13.4 2.5 9.9
±0.006 He i 3872 23.8 2.5 18.3
H i 3889 10.8 2.0 8.3
[Ne iii] 3968 10.5 2.5 8.3
Hδ 4100 28.7 1.8 23.5
Hγ 4340 65.4 0.3 57.0
[O iii] 4363 7.2 1.6 6.3
[Fe ii]+[O ii] 4416 3.6 1.6 3.2
O ii 4673 3.9 1.8 3.7
Hβ 4861 100.0 1.3 100.0
He i 4922 1.8 0.7 1.9
[O iii] 4959 185.1 1.3 189.9
[O iii] 5007 542.5 2.5 564.0
He i 5876 16.1 0.6 20.1
[S iii] 6312 2.2 0.8 2.9
[N ii] 6548 8.9 0.3 12.3
Hα 6563 289.9 0.9 401.4
[N ii] 6584 26.7 0.4 37.1
He i 6678 4.6 0.3 6.4
[S ii] 6717 1.3 0.3 1.8
[S ii] 6731 2.3 0.4 3.2
He i 7065 9.6 0.4 14.3
Table A1 – continued
Id FHβ cβ Ion λ (A˚) Iλ ∆Fλ Fλ
∆cβ (%)
[Ar iii] 7135 10.1 0.3 15.2
[O ii] 7320 8.6 0.4 13.4
[O ii] 7330 7.2 0.3 11.1
[Ar iii] 7751 2.3 0.4 3.9
[C i] 8727 0.8 0.4 1.5
H i 8750 1.4 0.4 2.6
H i 8862 1.4 0.3 2.8
[S iii] 9069 15.7 1.2 31.7
H i 9229 2.4 0.8 5.0
[S iii] 9530 32.6 1.0 70.5
H i 9546 2.7 0.9 5.8
F1-22 0.324 0.743 [O ii] 3726 141.8 15.0 87.7
±0.079 Hβ 4861 100.0 15.9 100.0
[O iii] 4959 374.5 20.6 390.4
[O iii] 5007 1130.7 27.1 1202
[Fe ii] 5582 2133.3 34. 2836
[N ii] 5755 5.6 19.2 7.8
[Fe ii] 5781 11.6 16.4 16.2
[O i] 6300 55.2 6.5 87.2
[O i] 6363 18.2 6.5 29.2
Hα 6563 291.6 11.7 490.1
[N ii] 6584 39.7 7.0 67.1
He i 6678 12.2 7.5 21.0
[S ii] 6717 18.7 10.7 32.6
[S ii] 6731 16.3 14.0 28.6
He i 8777 38.5 7.5 109.8
[S iii] 9069 11.4 9.3 34.8
[S iii] 9530 24.9 8.9 84.9
He i 10031 63.2 8.9 243.6
F2-3 1.209 0.456 H i 3669 29.0 4.4 21.2
±0.025 He i 3833 66.7 3.9 51.0
[Si ii] 3863 36.7 3.9 28.3
[Ne iii] 3868 77.6 4.4 59.9
O ii 4190 60.3 3.9 50.6
Hγ 4340 90.0 4.5 78.6
O ii 4676 42.0 3.9 40.0
He ii 4686 44.2 4.5 42.2
Hβ 4861 100.0 5.1 100.0
[O iii] 4959 191.1 4.6 196.0
[O iii] 5007 579.1 5.0 601.5
He i 5876 11.2 4.4 13.9
[O i] 6300 10.5 3.8 13.8
[O i] 6363 5.6 1.2 7.5
[N ii] 6548 15.5 1.6 21.3
Hα 6563 289.8 2.5 398.7
[N ii] 6584 48.9 4.3 67.4
[S ii] 6717 2.5 1.9 3.6
[S ii] 6731 3.7 1.4 5.2
[K iv] 6792 3.2 1.5 4.6
He i 7065 7.9 1.8 11.7
[Ar iii] 7135 6.8 1.8 10.1
[O ii] 7320 10.6 2.4 16.3
[O ii] 7330 9.2 1.9 14.1
[S iii] 9530 22.2 1.9 47.3
[S iii] 9069 11.3 1.8 22.4
F2-4 7.479 0.120 [O ii] 3729 61.4 1.7 56.8
±0.009 He i 3872 11.6 0.9 10.8
H i 3889 4.9 0.6 4.6
He i 4009 31.0 1.1 29.3
Hδ 4100 36.8 1.3 35.0
Hγ 4340 87.6 1.9 84.6
[O iii] 4363 1.3 0.5 1.3
[Fe ii] 4457 6.4 0.8 6.3
He i 4471 9.6 0.9 9.4
Hβ 4861 100.0 1.9 100.0
[O iii] 4959 148.3 2.0 149.4
[O iii] 5007 316.9 3.0 320.1
[N ii] 5755 1.4 0.7 1.5
He i 5876 19.0 0.5 20.1
He ii 5932 4.7 0.3 5.0
[O i] 6300 2.3 0.2 2.5
[O i] 6363 0.9 0.5 1.0
[N ii] 6548 29.4 0.6 32.0
Hα 6563 287.7 0.9 313.0
[N ii] 6584 74.6 0.6 81.2
He i 6678?? 6.0 0.3 6.6
He i 6678?? 5.1 0.3 5.6
[S ii] 6717 2.4 0.2 2.6
[S ii] 6731 3.7 0.3 4.0
[Fe ii] 6746 1.9 0.3 2.1
He i 7065 10.4 0.3 11.5
[Ar iii] 7135 11.2 0.4 12.5
[O ii] 7320 19.8 0.4 22.2
[O ii] 7330 12.6 0.4 14.2
H i 8665 2.2 0.3 2.6
H i 8750 1.9 0.3 2.3
H i 8862 2.6 0.4 3.1
[S iii] 9069 25.7 0.4 30.8
H i 9015 3.2 0.3 3.8
[S iii] 9530 63.6 0.5 77.6
H i 9229 4.0 0.4 4.8
H i 9546 5.8 0.3 7.0
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Table A1 – continued
Id FHβ cβ Ion λ (A˚) Iλ ∆Fλ Fλ
∆cβ (%)
F2-7 0.761 0.000 [Ne iii] 3868 74.6 6.8 74.6
±0.068 H i 3889 147.2 9.7 147.2
[Ne iii] 3968 72.2 10.9 72.2
He i 4120 436.7 14.1 436.7
Hγ 4340 58.6 6.8 58.6
[O iii] 4363 46.2 6.2 46.2
He ii 4686 57.8 6.8 57.8
Hβ 4861 100.0 9.3 100.0
[O iii] 4959 430.2 13.5 430.2
[O iii] 5007 1350.9 19.9 1350.9
[Fe ii] 5582 415.9 14.5 415.9
[N ii] 6548 9.1 6.4 9.1
Hα 6563 159.4 10.1 159.4
[N ii] 6584 11.5 7.2 11.5
F2-10 8.334 0.110 [O iii] 3729 37.3 1.1 34.7
±0.008 H i 3889 6.8 1.0 6.4
He i 3806 3.4 1.0 3.1
[Ne iii] 3968 4.5 0.9 4.3
Hδ 4100 18.6 1.2 17.8
O ii 4157 4.5 0.9 4.3
[O iii] 4363 61.1 1.6 59.1
O ii 4366 3.5 0.8 3.4
Hβ 4861 100.0 1.7 100.0
[O iii] 4959 77.3 1.5 77.8
[O iii] 5007 214.7 2.0 216.7
He i 5876 9.4 0.3 9.9
[N ii] 6548 13.6 0.3 14.7
Hα 6563 287.7 0.9 310.7
[N ii] 6584 47.3 0.3 51.2
He ii 6683 2.6 0.2 2.9
[S ii] 6717 1.6 0.2 1.8
[S ii] 6731 1.7 0.3 1.8
O ii 6786 2.5 0.2 2.7
[Ar v] 7006 0.8 0.2 0.9
He i 7065 8.0 0.3 8.8
[Ar iii] 7135 4.9 0.3 5.4
He i 7281 1.4 0.2 1.6
[O ii] 7320 16.5 0.5 18.3
[O ii] 7330 12.2 0.4 13.6
H i 8268 1.1 0.3 1.3
[S iii] 9069 15.3 0.2 18.0
F2-11 2.456 0.000 He i 3926 23.1 1.2 23.1
±0.014 Hδ 4100 20.9 1.4 20.9
Hγ 4340 46.9 1.7 46.9
[O iii] 4363 5.9 0.9 5.9
Hβ 4861 100.0 2.3 100.0
[O iii] 4959 179.2 3.0 179.2
[O iii] 5007 505.3 5.4 505.3
He i 5876 10.6 1.1 10.6
Hα 6563 260.4 2.4 260.4
[N ii] 6584 3.0 0.8 3.0
He i 6678 4.5 0.9 4.5
[Ar iii] 7135 10.7 1.4 10.7
[S iii] 9069 19.6 1.8 19.6
He i 9526 26.4 6.0 26.4
F2-15 3.536 0.000 He i 3188 14.4 1.5 14.4
±0.014 H i 3734 5.7 1.1 5.7
He i 3872 35.8 1.8 35.8
Hγ 4340 60.2 2.3 60.2
[O iii] 4363 7.1 1.2 7.1
N ii 4780 10.8 1.6 10.8
Hβ 4861 100.0 2.9 100.0
He i 4922 4.3 1.3 4.3
He i 5048 13.1 1.8 13.1
[Fe iii] 5412 3.1 1.5 3.1
[O iii] 4959 264.6 4.7 264.6
[O iii] 5007 834.8 5.6 834.8
He i 5876 11.3 0.7 11.3
Hα 6563 273.8 1.1 273.8
[N ii] 6584 7.0 0.8 7.0
He i 6678 3.0 0.6 3.0
He i 7065 4.9 0.6 4.9
[Ar iii] 7135 9.1 0.5 9.1
H i 8750 19.9 1.4 19.9
[S iii] 9069 4.8 0.9 4.8
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